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Summary
Among tool-using animals [1–4], none are known to adap-
tively change the hydrodynamic properties of a free jet of wa-
ter—a task considered difficult in human technology [5–7].
Hunting archerfish can strike their targets with precisely
aimed water jets (e.g., [8, 9]), but they are also presently
thought to be unable to actively control the hydrodynamics
of their jets [8–13]. By using specifically trained fish, we
were able to monitor several aspects of jet production and
propagation as the fish fired at targets over a much wider
range of distances than previously explored [10, 13]. We
show that jets that have to travel farther also live longer.
Furthermore, the time needed until water assembles at the
jet tip is not fixed. Rather, it is adjusted so that maximum
focusing occurs just before impact. Surprisingly, the fish
achieve this by modulating the dynamics of changes in the
cross-section of their mouth opening, a mechanism that
seems to not have been applied yet in human-built nozzles.
The timing adjustments archerfish make in order to power-
fully hit targets over an extended range strikingly parallel
the situation in the ‘‘uniquely human’’ ability of powerful
throwing [14–18]. Based on the key role throwing played in
human encephalization and cognitive evolution [14–20],
skillfully ‘‘throwing’’ water should similarly have led to the
correlated rapid evolution of cognitive skills in this animal.Results and Discussion
In the field, archerfish can deliver powerful blows to targets
from more than 2 m distance (Movie S1 available online). A
brief powerful impact, needed to overcome prey attachment
[10], could result if water that is released last catches up with
the tip [13]. Water has been found to be indeed ‘‘assembled’’
at the tip [13] in jets aimed at very close targets (10 cm), result-
ing in a force at impact that is comparable to forces measured
at 30 cm height [10]. Hence, a simple scenario could explain
how the fish hit prey with sufficient power throughout their
large hunting range: a speed gradient in the jet causes the wa-
ter to be focused at the jet tip after about 10 cm. The focused
mass then travels upward, ready to hit any prey item in its path.
We report here that this simple view is wrong and that instead,
the fish adjust the distance at which water is maximally
focused.
Specifically trained archerfish allowed us to monitor several
aspects of jet formation and propagation over a far wider range
of preset target distances than previously examined. The
trained fish fired accurate shots at targets presented at
20 cm, 40 cm, and 60 cm height above the water’s surface,
assuming defined position and orientation in each of their
shots and tolerating the strong illumination needed for*Correspondence: stefan.schuster@uni-bayreuth.deaccurate high-speed recordings. In contrast to the scenario
described above, assembling of water at the tip is not gener-
ally finished after 10 cm of travel. In jets fired at targets at
60 cm height (Figures 1A and 1B), the jet tip was not completed
even after 30 cm of travel (Figure 1A) and was focused only
much later, before impact (Figure 1B). The difference in shape
between the traveling ‘‘midway’’ and the ‘‘preimpact’’ jets is so
robust that it is easy to sort them out in a collection of images
(Figure S1).
Jets fired at close-range targets were fully focused much
earlier. A jet aimed at 20 cm height is focused at that height
(Figure 1D), but a jet aimed at a target at 60 cm height is not
(Figure 1A). However, jet tips recorded just before impact
were equally well focused, and their shapes bore no informa-
tion on how long they had traveled before (Figures 1C and
1D). To test this notion, we made use of the ease with which
human pattern vision can reliably detect differences in the
complex structure of the jets (Figure S1). Twelve neutral
observers were asked to group a collection of 21 pictures of
preimpact jet tips (seven for each target height) into three clas-
ses. Despite considerable effort, the observers grouped the
images completely at random, with no relation to target height
(p = 0.98, c2 test; see Experimental Procedures). Hence, imme-
diately before impact, jets were equally well focused, regard-
less of target height.
En route views of the traveling jets revealed a further range-
dependent difference in the stability of the jets. Figure 1E illus-
trates this with images of the shaft of the jets (see Figure S1)
after a common path of 30 cm. The jets aimed at more distant
targets showed fewer modulations (Rayleigh instabilities,
[21, 22]) in diameter, allowing human observers to group
them in accordance with target height (p < 0.001, c2 test; n =
30 images, 15 at each height, grouped by each of N = 8
observers). Rare cases in which a jet had just missed the
close-range target (at 20 cm height) and disintegrated without
interacting with the target (see Experimental Procedures) were
particularly instructive. When mixing en route views (obtained
after 30 cm of travel) of the shaft of jets that were aimed at the
three different target distances, human observers could still
readily predict target height even when they did not know
how many examples belonged to each class (p < 0.001, c2
test; n = 7 images of jets, n = 17 images of jets, and n = 21 im-
ages of jets after 30 cm travel distance but aimed at 20 cm,
40 cm, and 60 cm height, respectively; N = 14 observers).
Are the target-range adjustments reflected in the way the
jets are formed? Tip speed increased systematically in all ar-
cherfish jets, tightly following (Figures 2A–2C; R2 > 0.99 in all
cases) an empirical relation of the general form
vtipðtÞ=vmax2Dv expð2 t=tÞ: (Equation 1)
Here, vmax denotes the hypothetical maximum speed the tip
would obtain (if water continued to flow out forever), Dv is the
total increment in speed (from when the jet tip leaves the
mouth to vmax), and t is the time constant of the increase in
tip speed. In our analysis of 313 jets (Figure 2), the ranges of
the three parameters were 5.8–6.8 ms21 (vmax), 2.7–3.8 ms
21
(Dv), and 6.6–20.0 ms (t). Note that an increase in speed is
typical for unsteady jets [21]. In contrast to a projectile fired
from a gun, even a jet that rises against gravity can speed up
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Figure 1. Focus Distance and Instability of
Archerfish Jets Are Not Fixed but Depend on
Target Distance
Trained archerfish allowed us to monitor several
aspects of their jet production, from formation un-
til impact, as they engaged targets (black dots) at
20 cm, 40 cm, or 60 cm height above water level.
(A and B) Examples of jets fired at a target at
60 cm height. Although water has assembled at
the tip before impact (B), this has not yet fully
occurred after 30 cm of travel (A) (see also Fig-
ure S1).
(C) Areasmarked blue and red schematically indi-
cate preimpact and en route phases of jets,
respectively, shown in (D) and (E).
(D) Examples (from 39 recordings) of preimpact
jet tips (1 cm before impact) showing that water
can be focused much earlier, depending on target height. Preimpact focusing is equally well at all height levels, and images of preimpact tip contain no
information on how far the jet had traveled before (p = 0.98; c2 test).
(E) In addition to when the tip forms, stability of main shaft of jet differs, depending on target height. Examples of jets (from 83 recordings) observed after a
common distance of 30 cm (schematically depicted at 30 cm height) contain information on target distance (p < 0.001; c2 test).
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2157as long as the tip is connected with water that flows out with
increasing speed. Most remarkably, the profile of increase in
speed depended on target height (nonlinear mixed effects
model: p < 0.001; Figures 2A–2C; Table S1 and Figure S2; total
water volume is independent of height [10]). Both fish system-
atically raised the speed increment Dv with target height (p <
0.001; Figure 2D) and thus adjusted the difference in speed be-
tweenwater released first andwater released last according to
target height.
The general pattern of increase in speed at the tip (Equation
1) does not also determine the stability of the jets. Figures 2E
and 2F show jets mimicked with syringes that either stayed
coherent while water left the syringe or broke up before all wa-
ter had left the syringe. Despite their very different stability,
they did not significantly differ in the time course of speed in-
crease at their tips (Figures 2E and 2F; difference in vmax, Dv,
and t: p > 0.05 in each case). The truemastery of the fish there-
fore seems to be covarying the stability and the initial speed
profile of their jets. To shoot, archerfish rapidly compress their
gill covers, forcing water out from a ‘‘gun barrel’’ whose upper
half is a ridge in the roof of their mouth and whose bottom halfS
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40 cmis formed by the hardened surface of their tongue [10–12] (Fig-
ure S3). Water does not leave this gun barrel directly into the
air, but it leaves after passage of an enlargement. A similar
arrangement reduces the production of satellite drops in the
mammalian penis [23] and may have a similar stabilizing func-
tion for archerfish jets.
Given the apparent rigidity of the shooting apparatus, we
first looked for chemical ways by which the fish could control
the hydrodynamics of their jets. Dynamic viscosity h and sur-
face tension s affect the so-called Ohnesorge number
Oh=h=ðLrsÞ1=2; (Equation 2)
which determines the stability of a free jet [5] formed with a
characteristic length L from a fluid with density r. It is well es-
tablished that even the presence of small traces of chemicals
can strongly affect this number [24] so that the fish could chem-
ically adjust their jets by adding more or less substances to it.
We therefore analyzed the surface tension and the shearing-
rate dependence of viscosity directly in the water that the fish
had fired. However, surface tension in these samples wasTime (ms)
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Figure 2. Archerfish Adjust the SpeedGradient of
Their Jets According to Target Height
(A–C) Depiction of how speed at jet tip followed
the general relation vtip(t) = vmax 2 Dv exp(2t/t)
(vmax, maximum speed; Dv, speed increment; t,
time constant) at each target height (20 cm,
40 cm, and 60 cm). Time course of tip speed dur-
ing first 20 ms for shots fired by fish 2 is shown
(see Figure S2 for fish 1). Points are averages of
41, 57, and 44 speed measurements (all fits in
A–C, R2 > 0.99).
(D) Speed increment Dv significantly increased
when jets were launched toward higher targets
(mean 6 5% confidence intervals for fish 1
[filled-in bar] and fish 2 [open bar]; all differences
p < 0.001).
(E and F) The time course of tip speed does not
generally predict stability. Mimicking the archer-
fish’s pattern of increase in tip speed can lead
to stable (E) or unstable (F) jets (see examples in
insets).
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A Figure 3. Range Tuning of the Jets Involves
Neither Chemical Control nor Active Motion
(A) Viscosity (blue; 54 samples of shots, 18 con-
trol samples) and surface tension (red; 19 sam-
ples of shots, 14 control samples) measured in
samples of the water fired and in controls (water)
(boxplots: median, 25[75]% and 10[90]% quar-
tiles).
(B) No significant dependence of viscosity of
shots on shear rate (R2 = 0.006; p = 0.85).Medians
are determined from six samples and two water
controls.
(C) High-resolution analysis of the changes in po-
sition and orientation during release of shots
aimed at targets at different distances. Contour
plots for changes in position and orientation as
the fish fires (at time zero) at targets at 60 cm
(top) or 20 cm (bottom) height are shown. Plots
show likelihood (scale as shown) of changes in
position of mouth (‘‘drift’’; left) and in body orien-
tation (right) after onset of the shot. The time dur-
ing which movement of the fish could potentially
influence the jet is indicated by vertical lines.
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215870.37 6 0.21 m Nm21 (average 6 SD; n = 19) and not statisti-
cally different from the 70.496 0.16 m Nm-1 (n = 14) measured
for control water (p > 0.05, t test; Figure 3A, red). Average vis-
cosity of the shots was 0.867 6 0.006 mPa s (n = 54), which
did not differ from the 0.869 6 0.004 mPa s (n = 18) measured
in the controls (p > 0.5; U test; Figure 3A, blue). Viscosity also
did not vary with shear rate (R2 = 0.006; p = 0.85; Figure 3B),
so we failed to detect anything that affected the Newtonian
character of the fluid. The fish had simply fired water.
To explore whether the fish shaped their jets by active
motion, we analyzed in detail the changes in position and
orientation of the shooting fish for all of the 313 shots analyzed
in Figure 2. Remarkably, the tip of the upper jaw was always
fixed at thewater’s surface, and during none of the shots could
any vertical displacement be seen. The horizontal drift and
rotation that occurred while the jet still had contact with the
fish (and that thus could have affected the jet) were also sur-
prisingly small and, most importantly, independent of target
height (Figure 3C). If present at all, average drift rates during
release of the jet were less than 0.02 mm/ms (average total
displacement during jet formation <0.26 mm), and angular
changes were less than 0.05 degrees/ms (average total rota-
tion <0.5 degrees) and were independent of target height (all
differences p > 0.05). Our analysis of the fish’s stability thus
failed to find any evidence for active body motion being used
to shape the jets.Interestingly, a closer look at the time
course ofmouth opening and closing re-
vealed clear adjustments to target
height. For instance, the time between
onset of the jet and full closure of the
mouth increased systematically with
target height (p < 0.001; Figure 4A). Simi-
larly, the total duration of water release,
the time from onset of the jet until full
opening of the mouth, and, afterward,
the time from full opening until detach-
ment of the jet all systematically in-
creased with target height (in each
aspect and in each of the two fish, p <
0.001; Table S2). Thus, it is clear thatthe fish adjust the program for opening the orifice according
to target height. The adjustment was not, however, simply a
slowing down or speeding up of a ‘‘master’’ program because
some aspects of timing were independent of target height. For
instance, final closure time (from end of water release until the
mouth fully closed) did not significantly depend on target
height (p > 0.07 in both fish; Figure 4B).
Maximum opening widths did not differ with target height
(p > 0.1; Table S2). This finding and the systematic changes
in duration (Figure 4A and Table S2) suggested that it should
be possible to work out the time course of the opening maneu-
ver by averaging recordings in which the fish had aimed at a
given target height. The time course (Figure 4C) deviated
considerably from a simple pattern in which the mouth
opened, stayed open, and then quickly closed. The cross-sec-
tion for the jet’s passage was never constant but continuously
changing. In particular, once fully opened, the mouth immedi-
ately started closing (Movie S2). The mouth was partly open
before the jets actually emerged (at time zero in Figure 4C).
Prejet openingwidth (p > 0.05) and time needed for preopening
(p > 0.5) were independent of target height. In contrast, how-
ever, both the initial slopes and the final slopes (speed of
mouth opening and closing) differed systematically with target
height (p < 0.001; Table S2).
Human jet-cutting technology—used in a variety of contexts
from material science to medicine—adapts free jets, for
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Figure 4. Archerfish Adjust the Dynamics of Mouth Opening and Closing to
Target Height
(A) Time from onset of jet until closure of mouth (mean 6 SEM) for two
trained fish (filled-in and open bars) systematically increasedwith target dis-
tance (see Table S2 for additional effects).
(B) Other aspects of the opening and closing maneuver, such as duration of
final part of closure, were independent of target height (p > 0.07 in both fish).
(C) The actual time course of opening diameter as derived from recordings
with 5,000 frames/s. Pattern is not simply a quick opening, followed by a
stage in which the mouth remains open, and then a quick closure. Rather,
width is continuously changing. Time set to zero when jet first becomes
visible. Graphs report mean 6 SEM of opening width (n = 16 jets, n = 30
jets, and n = 17 jets at heights of 20 cm, 40 cm, and 60 cm, respectively)
every 1 ms. Graphs are displaced vertically for clarity; maximum mouth
opening is the same for all traces.
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2159instance, by adding abrasives or by pulsed modulation of
release pressure [5–7]. However, archerfish-like ‘‘active’’ noz-
zles with time-dependent cross-sections do not seem to
have been employed yet. Moreover, archerfish adjust the dy-
namics of their active nozzle with remarkable temporal preci-
sion, both in stabilizing themaneuver at a given target distanceand in increasing its duration by about 3.4 ms for any 10 cm in-
crease in target range (inferred from Figure 4A and Table S2).
It is striking that the archerfish’s ability to powerfully hit
targets over an extended range involves an ability to control
timing. Throwing water, although apparently very different
from throwing a stone or a spear, thus shares one crucial
element with the uniquely human ability to deliver a targeted,
powerful throw to distant targets [14–20]. In humans, the
evolution of throwing is thought to have supported massive
encephalization: doubling the striking range required an
approximately 8-fold increase in the number of throwing-
related neurons [15], neurons that could then be recruited to
serve additional functions. It remains to be seen whether the
scenario predicted by the throwing theory of human encephal-
ization applies to archerfish. If so, it would suggest a similarly
rapid evolution in the number of neurons involved in controlling
mouth opening, and it would suggest the correlated rapid evo-
lution of a range of further cognitive skills [25–28].
Experimental Procedures
Animals and Training
Three groups of three archerfish each (Toxotes jaculatrix) were kept in tanks
(1.2 m3 0.5m3 0.5m) filled to a height of 25.5 cmwith brackish water (con-
ductivity: 3.6–3.8 mS/cm; temperature: 26C 6 1C; 12:12 hr light:dark
regime). Fish were trained to swim into a ‘‘channel’’ to fire at targets pre-
sented at various heights of up to 60 cm. Initially, fish entered the channel
(polyvinylchloride [PVC], length: 20 cm, width: 8.5 cm) from one end to catch
a piece of food and then left it on the other end. Later, fish could only fire
from within the channel. Shots fired from outside were blocked with PVC
covers. A successful shot was rewarded with a fly thrown in front of the
shooter. After training, the fish regularly fired from restricted shooting posi-
tions (typical variation: <2 cm) and at right angles to the camera’s view
(deviation: <8 degrees) for targets at all height levels. All experiments
were carried out in compliance with the rules of the University of Bayreuth.
Recording
Two trained fish (13–14 cm from snout to caudal peduncle) were kept
together with a third fish (that fired only occasionally). Targets were black
spheres (Polyethylenterephtalat, diameter: 5 mm, mass: 0.065 g) hung on
a filament to allow monitoring force transfer between jet and target [10].
Their lowest part was 20 cm, 40 cm, or 60 cm above the water’s surface.
A Fastcam APX RS (Photron) always viewed fish or jets from the side (at
250 or 5,000 frames/s). Additional recordings from above used a Fastcam
PCI R2 (Photron), operated at 250 frames/s. All recordings of shots from
the side had a resolution of 0.2 mm/pixel (from above: 0.3 mm/pixel). Illumi-
nation was provided by a 1,000 W spotlight that shone through a diffusor
plate through the transparent bottomof the tank. Recordings were analyzed
using ImageJ and custom-written software.
Predicting Target Distance from Images of the Jets
Naive observers were students, instructed and exposed to the images indi-
vidually. They enthusiastically grouped the images of the jets, thinking that
the jets belonged to different archerfish individuals. Images shown (Figures
1 and S1) were processed (ACDSee Pro) to eliminate potential nonshape
cues to target range: size, brightness, contrast, and orientation were
matched. Slight differences in speed or angle demonstrably provided no
cue to target height (no significant difference with speed or angular cues
removed, p > 0.05).
Mimicking Shots with Syringes
A standard disposable plastic syringe (B Braun Injekt: 10 ml, length of hub:
10 mm, orifice diameter: 2 mm) was rigidly fixed and manually operated to
release jets of archerfish-like appearance and directionality. Jets were illu-
minated by a 500 W halogen spotlight and recorded (Fastcam APX RS) at
5,000 frames/s (resolution: 0.3 mm/pixel).
Surface Tension and Viscosity
Shots were fired into an inverted flask that had a target on the outside. Typi-
cally, 25–30 ml of water was collected within 4–5 min. Targets were pre-
sentedwithin a range of 30–50 cm, and shots fired by the two fish and across
Current Biology Vol 24 No 18
2160target distances were pooled. Samples were kept at 25C and analyzed
within <1 hr. A drop volume tensiometer (TVT 2 Lauda) measured surface
tension in 2.5 ml of the sample. Dynamic viscosity was measured in 4 ml
samples at shear rates from 16–631 s21 using a rotational rheometer
(Modular Compact Rheometer Physica MCR 500). Controls used water
that had the same composition as the tankwater but had not been in contact
with fish.
Statistics
Tests were run using OriginPro 7.5 and SigmaPlot 11.0. The nonlinear mixed
effects model was calculated using R.
Supplemental Information
Supplemental Information includes three figures, two tables, and two
movies and can be found with this article online at http://dx.doi.org/10.
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